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INTRODUCTION
Il The recovery of temperature profiles of the earth's atmosphere by

a top-side sounder in the 15 um region has been investigated. A modeled

radiative transfer of CO2 through a structured atmosphere is created and .
analyzed by a least squares method in the presence of varying amounts of

random noise. This is done both in the spectral domain using either

a 135 cm'] window centered at 15 um or by using 10 selected spectral

channels 0.5 cm']

wide or in the interferogram domain using either the
entire continuous region from zero path to an optical path difference

corresponding to the spectral domain resolution, or by using selected

i

portions (partial interferograms) to recover temperature profiles. The
recovered profiles and their root mean square errors are then compared both

in the spectral and interferogram domains in order to evaluate the

apparent advantage in using partial interferograms as first prooosed by

Kyle (1977) and investigated by Smith et al., (1979) and at Santa Barbara

- Research Center (1981) and Perkin-Elmer (1982).

ﬁl First a computation of synthetic line spectra for the nine strongest
bands of c02 at 15 um was done. These are general spectra parameterized
{ by temperature, pressure, column density, and general line widths. The
- model then convolves a Lorentz, or a Lorentz-Gaussian (Voigt) profile T
with the 1ine spectra and forms the transmission and absorption as a
function of wavenumber.

The radiative transfer for multiple atmospheric layers (up to 14

distinct layers) was then computed and, for spectral domain studies,

convolved with an instrument function, either triangular, sinc, or preferably

sincz. Fourier transforms of the separate and composite atmospheric layer !

spectra were also done, since they are required for the interferometer




S g
. a e ¥ .

domain analysis. The final result is an artificial spectrum representative
of that observed by a satellite or balloon-borne interferometer looking down
through a radiating atmosphere to a hot earth surface. The possible aain

advantages are then discussed and conclusions drawn.

Radiative Transfer in a Plane Parallel Atmosphere:

We assume a plane parallel atmosphere with no scattering, and in

local thermodynamic equilibrium, so that a particular layer may be

characterized by a pressure, temperature, and density, and a constant
mixing ratio of coz. Under such a condition, the radiative transfer
calculations are done using the expression for the intensity of - 1

radiation I(c) emerging from the top of the last layer (looking at nadir)

as

top
I(o) = s B(o,T)dt(c) + B(G,Tg)rg(a) , (1)
bottom

where t{c) is the wavelength dependent transmission from a given layer

at height z to the top layer, and B(o,t) is the black body function for

a given layer (z dependent), and the subscript g is the ground contribution.
Of course our integration is done with only a finite number of layers

(up to 14 homogeneous layers of about 2 km thickness plus the ground ' {

contribution) so the expression becomes a summation, so that we have

N
I(O) = iz wiB(o,Ti)(‘rl’i 'T-I ,i"’l) + B(O’Tg)T],N ’ (2)
=1




where w; are numerical weights for integration.
Because of the nature of the transmission function in the form of
an exponential whose argument is proportional to the thickness and
optical absorption coefficient for a particular layer, the total
transmission from level 1 to level i is the product of the individual
transmissions within each homogeneous layer, so we have, for example,
T13 =T12723° T14 = TypTo3T3 = T13T34> etc. In this way we build up
the total expression for I(c) for a given temperature profile. Such a
calculation is illustrated from Figures 1-11 for ten atmospheric levels

and a ground contribution, and represents the contribution of each layer

to the radiance at height 30 km for a down-looking instrument. Figure

12 shows the total radiance.

Least Squares Procedure for Recovering Temperature Profiles.
§gectrai Space.

In order to derive a temperature profile from experimental measure-

ments of intensity, the most direct method is to assume a reasonable
“most probable" profile appropriate for the season and region and work
with the differerce spectra, with deviations indicating actual temperature
variations from the assumed standard profile. For small changes in
temperature a Taylor series expansion is sufficient, and we retain only
the first differences. Thus an intensity profile giving a nadir intensity

of I(c) may be represented as

() = Iyfo) + D, |2HeTM| a7, : (3)

i=; Ti

10
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where

il-é‘y’*ﬂ- Ef"(ch,Ti) =f,. . (4)

ji
o=0
T=T i

{ We minimize ¢(AT1.) in the least squares sense as (for a set of discrete

wavenumbers , o, 1<j<M)

M N 2
¢o(AT;) =E I(o;) - (Io("j) + Z f(oj,Ti)ATi)] . (5)
J=1 i=1

The set AT1 is chosen such that ¢ is a minimum, d¢=0, or since the set

AT,i js independent

M

N
3%%[7).= 0= (-2) Z [(I(Oj)°lo(0j)) - E f(oj’Ti)ATi]' f(oj’Tk) _(6)

J=1

Letting ﬂoj) = I(oj) - IO("j) » the difference between the observed

11
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spectra and the spéctra from the standard profile, we have

M N[
3 Jiogflopn) = 35 IS flog.T)FlogT,) aTy (7)
3=1 i=1 | j=1

III This set comprises N equations for the profile differences from a set of

p

M points of spectra data.

We define the following matrices, first the MxN matrix of coefficients,

Next the temperature difference column Nx1 matrix,

AT®

[ ]
AT,

ATN

LN

-ty
]

and the intensity difference matrix,

K

f

11

21

f

f

12

99 -

IN

K =

(8)

Ho,)

[uf7(cl)-

| Ao,

Then the expression for the temperature differences can be written in

. (9)

=~




...................

matrix form as

ijz £1¢ AT . (10)

where fT is the transpose operation on f, and makes the product matrix
fo square, and possessing an inverse.

By including a "noise" term in the expression ( 3) we can determine
the variance in the temperature. Thus, adding a noise term n, we have,

in matrix notation

f +n=11 . (11)

where n is an Mxl column matrix. Then ¢, the quandratic expression to

be minimized, may be written as

p=[F+n- fAT]T s[j+ n - faT) . (12)

where S is a symmetric weighting matrix to be determined.
Multiply (1) on the left by fTS,

fisf+ flsn = fisf ar . (13)

Now fTSf usually has an inverse, called the Moore-Penrose pseudo-inverse

with weight S. Thus we may solve for AT as

AT = (fTSf)'lfTSj + (fsF)"1¢Tsn - (14)

The "best estimate" A"'r' of AT is the first term,

13
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AT = (fTs6)"! fTSj . (15)

and the "estimation of the error" is then

(aT - 81) = (F1sf) AeTsn ° (16)

Now the nature of n is stochastic, and the only meaningful measurements
of our error are its expectation in the probability sense. So if we
define a functional operation as the expectation of a function g, as E(g),

and use a probability density function p, such that

Q0

J P(v)dv = 1 , (17)
-
and where
b
P(a,b)sj p(v)dv , (18)
a

is the probability of an event occurring between a and b, then

Q0
E(g)= j g(v)p(v)dv (19)

is the "expectation value of g". Then the variance of the estimation

error may be expressed as

14
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E(AT - &T)(aT - AT
.
E [(fTSf)'lfTSn][(fTSf)'lfTSn] }

Ed (F1sF)"1¢Tsn nTse(TsF)"]

(f7sf)"1¢Ts E(nnT) se(fTsf)1 . (20

Now E(nnT) is the variance of the matrix Q, the noise, and we may minimize
¢ and E[(AT - 5?)(AT - Zf)T] simultaneously by choosing our weighting

matrix to be the inverse of the noise matrix, Q. Thus,

SEQ"I . (21)
Then

E [(AT - M) (aT - Z?)T] = (Flglpt (22)

and the "best estimate" of the temperature profile is

a1 = (71077 £ f : (23)
Now in general the noise matrix nn' is
2 N
™ (ngnong...n,) [n] npnye.....
n nn, n
2 "2 "2
n .
3
nnT = . = : . (24)
Ny I ]

15
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For uncorrelated noise, the expectation value of nnT Teaves only the

diagonal elements, as

o T
E(nlz) 0 0
Q= E(nnl) = 0 E(nzz) . (25)
0 :

We may further reasonably assume the noise to be distributed uniformally,

so the diagonal terms all have the same value, so Q becomes proportional

to the unit matrix,
1 00

=02 |01 0 . (26)

where oﬁ js the variance of the noise. This being the case we can then

write our expressions for the estimation of the temperature variance as

3 [(AT - A)(aT - Z\'f)T]= oﬁ(ﬂf)‘1 , (27)

and the best estimate of the profile difference as

B = (el el g : (28)

——

16

[P R



The Recovery of Temperature Profiles from Interferograms.

The interferogram E(x) is essentially the Fourier cosine integral
transform of the spectrum, I{c), as (Vanasse et al., 1971)
®

. E(x) = 2;] I1{o)cos 2nox do . (29)
0

where ¢ is the efficiency of the interferometer.

_ In practice the spectrum is computed at 2N discrete points, as shown

| !
! |
| - - - - - -y -~ ‘
} s o - ~
’ , |
4 RN . \Y
N /
| N P4 |
\

| . J e I -

\s - - —f

| - ! -
| [
! l | [
J I+ R -+ l

O, &

00' NAG 00+(N‘] )AU -

R | * ON-1 :

o N

0 :

We assume that I(oc) is an even function around 0g> 1’(::o +o0) = 1’(00 - 0),

and that it is periodic, f(oc + NAg) = f(o).

17
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The integral is then related to the complex Fourier transform as,

fnl(c’)e'iz""xdo = ZFI(o) cos 2noxdo . (30)

- 0

first

and then converted to a discrete sum by multiplying I(o) by the Dirac

comb function and by band limiting by a rectangular function, as

(44] Ao
o- 0 o- (6n -3~ )
; I(g) comb Aoo) Rect 0 2 e-i2mox 4 (31)
) o (2N-1)Ac
where
(oyg = o)
Ao =. __N.Tl ’ (32)

h

is the wave number sampling increment. Also note that the nt sample
~ point, Ops is expressed as
0, = 0 * ndo . (33)
and that the width of the rectangular function window is
Z(UN-I - O‘N) = (ZN‘I)AO . (34)

We may complete this as

18
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.
+0 Ao +00

- o ~ (o, - >

i E(x) = AOI I(c) Rect 0" 7" z : G(G_UO_W)e-iZ‘NGx do

: ‘ o (ZN'I)AO =00

| ® '

-i2nx(o,+nAc)

L - b 2 :I("o*""") R“t[zﬂ—f%] e 0 : (35)

n=-o _

Since the definition for a rectangular function Rect x is

——

1 |
L-zsx2<y g
Rect x = (36)
h 0, otherwise »

then the sum is limited to -N <n <N -1,

P ~In addition the optical path difference, x, is also measured at discrete

intervals, so X, = mAx, m integer, SO we may write

i o

E(max) = Aoz: I(a0 + nAg)e

-'ianAX(oo+nAa)

N-1

~i2naxagm ' -i2nAxAomn
; I{op + nio)e . (37)

+ o s

19
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For I(c:0 + nAo) = I(a0 - nAo), and AxAo =£'-‘- (mak'ing use of the sampling

t
L‘_.A.;n_ P S

h theorem Ax = S S we have
2(oy.1- oo)
. N
2 1N '
: ~i2nbxo . -i2nAxAom
- E(mAx) = Ace o" Z Iogt ndo)e X=omn
h n= =N
[ N-1 -j2nAxAomn
k +1(oo) + I(oo + nAa)e
i n=1
T
immn jnmn
~iZnaxogm N-1 M i
=Ao e I(oo-nAo)e + I(oo+nAo)e
n=1

+ 1ot 1(00+NA0)(-1)'“

N-1
™mn

-iZwaoom m
I(og) +1(op*tNac)(-1)"+2 Zl(oomz&o)cos
N
’ n=1

= Ao e . (38a)

-i ZnAxoom

In addition, by choosing Axgy = h, integer, e = 1, (which makes

oy an even multiple of the bandwidth (°N T oo) or oq = 2h (ON-I - oo)

and so we finally have for the discrete Fourier cosine transform -

ik

20
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@,

N-1
Emax) = 7 1(0) =|1(eg) + 2 %~ 1( ogt ndo) cos F+I(agthac) (-1)" po. (380)

n

Profile Recovery from Interferometer Data:

By applying the discrete Fourier cosine transform to the spectral

space matrix equation (11 ), we have

z[](oy n(o)] =yc'[f(o)] s (39)

We retain the linear nature of the analysis, since the two column matrices
yf?o) and n(c) and the rectangular matrix f(o) transform directly, and

gives

&€ (x) + N(x) = F(x) AT . (40)

Then by applying a similar analysis as before we have for the estimation R

of the temperature variance
E [(AT - )T - A’T’)T]= o (FTF)! (a1 ]

and the best estimate of the profile difference

-
AT = (FTR)71 fT€ . (42)
wheretaﬁ is the variance of the delay-space noise. T
j
1
21
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How Noise Transforms:

We use Parseval's theorem as

(00}

20
fnz(o)do . f N2(x)dx , (43)
0 0

where N(x) is the Fourier cosine transform of n(c). For the discrete,

band limiting procedure previously applied to the Fourier cosine transform,

we get
N-1
- [rPlog) +2 ), 0oy + na0) + n? (o hec)
n=1
A x N-1
- N(0) +2 D N(max) +(qgthnc)|  (48)

n=1

These expressions are just the noise variances, and so we have

2

Ac 02 = 4 X oy . (45)

n

This is used to compare the effect of equivalent noise in the two transform

domains when we make our numerical analysis.

22
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Some Numerical Relations and Parameters Used in Qur analysis:

We present here some parameters used, along with pertinent algebraic

relations. The number of points to model the spectral domain is N = 4096.

The beginning wavenumber O = 600,cm'1 and the end wavenumber oN-T" 750 cm'l,
giving a '
(oyy~ 9 150 0
A = N = = .036621 cm . (46)
4096
Since by the sampling theorem the maximum 0.P.D. delay L is
Ao =-211_— . then L =-438—gi = 13.653 cm . (47)
The delay space increment is
Ax —1 (48)
.= = .00333+ cm .
Z(ON'I- 00)
" The relation between the noise variances may be written
2
2(gy_1- on)
ol _ N-1 "0 2 :
N : o, . (49)

The computer program returns the Fourier cosine transform without the

Ao term, thus we have

23

|

. 4 & __A A A e -t



F(x) = 40 F,

= .036621 F .. (x)

mp

Also, this is true for the noise variances, so

2
_ 2(oy 4 - o)
O'N N

Op = 3.3146 on

But

°Nc0mp= N o, = 8192 o

90.5097 %

2

So, for example, r.m.s. noise of oN 1078 watts/cm
10-8 watts

r.m.s. noise of > -
3.3146 cm"-sr-cm

1

(50)

(51)

(52)

-sr is a spectral

= 3.0170 x 1079 watt:s/cmz-sr'-cnf1

and an r.m.s. noise returned by the computer of (90.5097)(3.0170x10'9) =

2.7307 x 1077 watts/cmz-sr.

24
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Actual Profile Recovery for Simulated Spectral Models.

Table 3 shows the location for ten "optimal" filters suggested by Kaplan
et al. (1977). These were applied to the spectral region, using each filter
region as a sum over the window to give the equivalent response for ten
separate radiometers, and then the spectral space covariance matrix (fo)'1,
Eq. (27) was found. The ten atmospheric layers captioned in Figures 1-10
were used for the spectral space filters, Table 15 shows the covariance error
matrix, with the diagonal elements being the coefficients for the temperature
variance to be multiplied by the variance of the noise present from detectors,

etc. The r.m.s. noise temperature for the ten levels becomes

AT = (1.95 x 10%)(3.017 x 107%) = .587 % (53)
where we assume that 3.017 x 10'9 watts =T "-m.s. noise is present. —
cm--sr-cm

A second analysis uses the full spectral information from 600-750 cm'],
assuming fourteen atmospheric layers. The noise temperature error matrix
(fo)'], is shown in Table 16 with an r.m.s. noise temperature of .15°K, again
assuming the same amount of noise as previously.

For the transform domain simulation, Fourier transforms of the separate
and composite atmospheric iayer spectra are performed and the error covariance
matrix (FTF)'] is constructed, using either the entire transform optical path
difference interferogram (0-13.653 cm), or various partial interferograms, as

displayed in Tables 4-14. Note that in comparing the two domains we use the

equivalent amount of noise for each, and are not considering the obvious

multiplex advantage in gain available from J—mi—z—m-’—" » by observing all

elements at the same time (as with an interferometer versus a grating

25
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spectrometer). This is done to emphasize the information content of the two

domains.

Gain

Figure 41 shows the r.m.s. noise temperature given by the matrix (FTF)']

8 watts/cmz-sr noise. The most

for various partial interferograms with 10°
promising region appears to be the continuous interferogram (0-2.167 cm),
which has a r.m.s. value of .276 °K for 650 points of data. If we were to
spend an equal amount of time measuring the partial interferograms from either
(.500 - .833 cm) with an r.m.s. noise temperature of 1.011 Ok for 100 points,
or the region (1.167 - 1.500 cm) with an r.m.s. noise temperature of .969%K
for 100 points, we would expect the r.m.s. noise to decrease by the ratio
v100/650 = 1/2.550 , and thus we could expect to determine the temperature for
the (1.167 - 1.500 cm) region to within 323 = .380°K, which is still not

as good as the .276%K r.m.s. for the 0-2.167 cm region. Figure 42 shows th:
comparison for the (0-2.167 cm) region with the (.500 - .833 cm) region using
equal measuring times. Thus, under the limited cases studied and subject to
the model accuracy we find no gain advantage for using partial interferograms

in the 15 um region.

26

T

e




REFERENCES

v

i Abbas, M.M., Shapiro, G.L., and Alvarez, J.M. (1981) "Inversion
Techniques for IR Heterodyne Sounding of Stratospheric Constituents from
Space Platforms" Appl. Opt. Vol. 20, No. 21, 3755.

’ Kaplan, L.D., Chahine, M.T., Susskind, J., and Searl, J.E., (1977)
"Spectral Bandpasses for a High Precision Satellite Sounder", Appl. Opt.
g Vol. 16, No. 2, 322.

! Kyle, T.G., "Temperature Soundings with Partially Scanned Inter-
i ferograms" (1977), Appl. Opt. Vol 16, Nov. 2, 326.

McClatchey, R.A., Benedict, W.S., Clough, S.A., Burch, D.E., Calfee,
. R.F., Fox, K., Rothman, L.S., and Garing, J.S., (1973) "AFCRL Atmospheric
{ Absorption Line Parameters Compilation" Air Force Cambridge Research

' kg?g;gggries, Environmental Research Papers, No. 434, AFCRL-TR-73-0096

Niple, E., (1980), "Nonlinear Least Squares Analysis of Atmospheric
ﬁ Absorption Spectra", Appl. Opt. Vol. 19, Nov. 20, 3481.

Perkin-Elmer report, (1982) "Feasibility of a Fourier Transform
Spectrumeter for the Advanced Moisture and Temperature Sounder", Final
Report, Perkin-Elmer Report No. 15407.

Rothman, L.S., and Young, L.D.G., (1981), "Infrared Energy Levels
and Intensities of Carbon Dioxide-II", J. Quant. Spectrosc. Radiat.
Transfer, Vol. 25, 505.

Santa Barbara Research Center Report (1981), "A Design Feasibility
Study for the High-Resolution Interferometer Sounder (HIS).

Smith, W.L., Howell, H.B., and Woolf, H.M., "The Use of Interferometric
Radiiqggggeasurements for Sounding the Atmosphere"”, J. Atm. Sci., Vol. 36,
566 .

Valley, S.L., Ed., "U.S. Standard Atmosphere Supplements, 1966"
compiled in "Handbook of Geophysics and Space Environment", AFCRL, Bedford,
Mass.

Vanasse, G.A., Stair, A.T., Jr. and Baker, D.J., editors, (1971),
"Aspen International Conference on Fourier Spectroscopy, 1970", Air Force

Cambrid?e Research_Laboratories, Bedford, Mass., Special Report No. 114
AFCRL-~71-0019, AD 724100.

Weinreb, M.P., and Crosby, D.S., (1972) "Optimization of Spectral
Intervals for Remote Sensing of Atmospheric Temperature Profiles" Remote
Sensing of Environment 2, 193-201.

27




wd

SEL

*49A®| Wy 0£-GZ WOy Wy QF 3@ dduejpey

1 | 1 1 1

*1 aunb4

1

_wo 009

—

o
-

i

g9-8F X T = NOISIAIG ¥3d

28




49he| WY G2-0Z WO WY QFf 3@ dueipey -2 a4nbi4
W s L £ pey 2 > 009

L i | 9 1 i 1 Y 1 j

|
i

3
] ]
m
5 A
| 1
O
5 - fwr
. < 1
H
a
o Y
l L 1 ! ] L L 1 i z
T 1 T 1 T 1 1 T
\ " |
n
1
¢
- =
=
1
X
- \ -
]
T T T T T T T T T




\ 1 AR TN ; i . _ u _ _
‘aafe| w -GT Wo4j w e ouvipey ‘¢ aunby
1 i | 1 | 1 1 i 1 |
I
i -
M)
m
A
. O
- =]
<
-
n
H
Z o
: | _P d_ “ “ “ —s ; 3
1 . |
4 b L
| . -
=
i
= ~
~ - 4
— = A
1 ¥ i I | 1 T L i




Py ——

P —

Ve—r—— —— v i Y T — y
[ T . - DS ! . , |
‘doke| w -21 Woud W @ aoueLpey ‘¢ oa4nb
> ggy L wy §T-21 4 Wy 0t 3 PRy ‘b L4 _wd 009
L | 1 1 1 1 1 1 | L
- N
0
m
x
. - 2
<
(]
n
o
1 1 i 1 ] l ! L l z -
H i 3 H 1 1 o "
on
>
R S
1
W L
. L
- -
1 1 T L T 18 LI L 1
i - S | ) N e




T ]
PO !
wd gL "uake| wy ZI-QT WO44 Wy OF 3@ duvlpey G 2unblJ wd> 009
- 1 ] ] i 1 L 4 1 L-
o
m
b
=
i H
<
H
n
H
o
l ] } — } -
T T T MUY WV ! ! "
N
| >
w— | ;
™
]
X
) L
T T T T T ' ' _

32




——— T T AN
]

b
{ "d3ke| wy QI-8 WO4y WY OF 3© Idueipey -9 aunbi4
) _...Eo Jmmn 1 L 1 i 1 i I 1 | L= ;Noo
i
o
‘ L ]
i n
g i | O
| 7
y -
0
o
b_ “ f _ﬂ “ : |
n |
| 4 !
! x |
- - (33
- ™
: 1
)
|
v - = -
d
T T T T T T r T T
T . T N — Bl [ I




w sgL

*a3fe| Wy -9 WOLJ WY OF I duUV}pYY

*L aJ4nbid

-

wd 009

1

..1_

T

L-BF X S = NOISIAIO ¥3d

34

| Shaiaihaindh




1
]
L Tsu oy *J3AR| WY 9-p wouy wy O 0 dueipey ‘g aunbiy T___u 009
' L L L L '} L i L 1
ﬂ |
b
) i 1
0
m
o)
< - O
3 <
»
- V5]
(@] ™
| 1 | 1 | 1 | 1 ] z
i i 1 T T 1 "
on
] x
, i o
[ 9
~
|
|
- p— “
v AL L L T L L 0 1




T 7 NG
“dahR| Wy p-2 Wo4j wy O e adueipey ‘6 d4nbi4
_wo ggy _ wd> 009
i 1 L i | i 1 PR
-— r
!
m
b o]
B O
(=
<
H
0
-
o
i l 1 N Il 1 1 1 b4
T \ T T T T T J.

n
on
>

1 rn
4
i
|
T T T T T T T T T
Y "a N - o o




K
BT 4

L1

*dake| wy 2-0 wody wy Qf 3@ duejpey ‘Qr dunbi4
F-Eu 009
| — o i i A 1 1 A
4 .
m
b
| O
-— I
<
-
[72)
H
2 ~
+ “ + it : : "
wn
>
1
- =
=
1
N A“
1
— T T T T T T T T 1
1
|
- | | o o el




punouy

_w 6gL

‘wyj OF 3e punoub wouy sduepey

| 1 1 i

*TT 34nb4

(-42 009

]

NOISIAIQ ¥3d

I
9-BF X 2

abuaaniain,




[ )

(Bugxoo] umog) wy Qg e dduejpey [e30] gl aunbl4
wo
s¢L 1 1 i L 1 1 : 3 - 009
1 L L 1 1 1 1 1
1 | ! T T 1 T ]
—T —T T T T T T T
...... || ...\ ALY

= NOISIAIQ ¥3d

g-BF X S

39




- 2L

- (008, 2-0F 0062

1

«8 uoLlouny ayj
L

‘€1 danbyiy

i

(-W0 €19

—

T T 1

g-0l X T = NDISIAIQ Y43d

ol e e

40




v weTee ep = . et ow

' . P ‘ Coa !

.(2-0E, _9-0€,.06L2 .
(¢ ™ 1)0%%¢,g9 uoaoung ayy ¢t aunbyy _wd €19

| 1 1 L - | A S 1 I |

41

T T T 1 I T I T T

g-01 X S = NOISIAIQ H3d




o(V7OF, 9708109 g yoyp3ouny auy gL 3umbig
1

ﬁ (U0 26L (2 €19
! 1 1 i 1 1 1 1 1 I j i
!
| A I
_ﬁ
{
. It
ﬂ
I T T 1 1 1 T | T 1
g-0T X T = NOISIAIO H3d
r

.

42




T e

——r

=

T ——— v T M T 1 v M
,7 JH N . n . H I i )
+9-0¢ -w-on_ 592 . 6
3 26 (77 1)037¢ g uoy3douny ayy 91 4nbyy L €19
j L i ~ | | 1 i vy ]
- -
i t_\ L o
<
- -
- -
T 1 1 ] 1 1 T \
g-01 X T = NDISIAIO Y3d
N .. 1R . N 19 o o | o |




J———— ey . .1ﬂ — - —— v i vy R w B | ! . !

]
L 2t |(8-0€, _ OL-08,)0Z%2 g yoy3ouny ayy L1 24nBi L £19
1 L i ook ey L 1
ﬁ || i |
, _
ﬂ ] | _ “ -
| J
., | | | i |
| ” Il
‘ | IR .
| |
| |
| | -
| | 3 |
— - 9
, J
i r

1 T | ! 1 T | 1 T

g-01 X T = NOISIAIO H3d




Y -~

e R At v

«01-08, _21-0%,,0622 .
p..eu €L ( b 1) (g uol3ouny ay) g1 aunby4 75 €19
Jr 1 1 i H B J%gp 1 1
| ) I
1 g | ,%%5\5‘% é% il i
b ' v ¢
_
— \ | ! T
f M
[ i _

‘‘‘‘‘‘‘

\E})VLL.!

R

«4
g-01 X 1

.

.

T

NDISIAIO 434°

45




v 44141 M \g
t t . ! i
L21-0€, _$1-0€, 0912 .
W Z6L ( 1 1)09%2 g uopaouny auL ‘61 4nbHd 0 E19
1 1 )] 1 J 1 |
n -
i O
Z <
- |-
T I I T ¥ ¥ T

g-01 X 1 = NDISIAIO H3d




(- eel

*(Y1-0F, _91-0€,,0912 g uoy3ouny ayy gz aunbyy

A1

.

-

1

_w €19

A———

|

T

g-01 X I

NDISIAIO H3d

47




.AQ—WOM& - Q_.lonwvownN

,8 uoL3ouny ay) 12 aunbyy

—us 4 X3 _w €19

L 1 | 1 | . 1 1 i

=

——

48

I T T T | I T 1 T

g-00l X 1 = NOISIAIQ H3d




1

02-08.1)0L12 g uop3ouns ay; -2z anbyy

49

g-01 X 1 = NDISIAIO 43d




1

.AONlom . ¢2-0t vOOAN g uoj3dung ayl €2 aunby 4
'

I 1 1

T T T

g-01 X T = NOISIAIO H3d

50




]
.(22-0€, _ $2-0€,,0222 .
oz ( X - 1)06¢C g uoy3duny ayy 92 3unbyy |30 €19 ]
1 1 i 1 1 | i 1 1
w i i
3
-4
wn
— F
LS i L R T T I I T {
, g-01 X T = NDISIAIQ H3d
. i
/
AN SN - IR | . . e A e tiicinsrininmnh i bt




" —— v L a L aa a
T i 4 ] v A g ——— — — Y — v

. (¥2-08, _ L2-0E,)0¥22 g yoy3ouny ayy *G2 2anbyy
_wd 26L ( )o¥¢¢.q —
i 1 o . . - . 1 1 . & i

N

Ao ET9

%
S,
.-

-]
=

! 1 T 1 | T T T I

g-01 X T = NOISIAIO H3d

52

e




[—

W 2L

.(l2-0E, _ OE-0E,\obE2 .
( L - 1)0VC g uyoyyouny 3yy -9z nbyy W €19

i 1 1 1 i

T T T T 1 ! 1

g-01 X 2 = NOISIAIO §3d

53




ﬁ« i{i-ﬂ - N 4. . Ok A .-.1H T M ™ e .1 \ " ‘.,qi mem— ™ - P ————y .A Yo -

w ££g° -(070Fy _ 2708,y0062 g |4 ¢y aunbiy 0 uMOysURAY UBJANO BUL L2 danbij

1 1 i 1 1 1 i L 1

o T —

-
s
S
—

- ——e
ey

e At
—rm

.

Z

9
<

e ety et g e = & e

L

- P o = o et rT— !

. -1 = 1 1 -1 ! ! 1 i S .Lr
maoﬁ X 1 = NOISIAIO Y3d

PP U ST SO




- N | S e . ;
© g55° +(370Fy . ¥70E,)06L2 g |4 ¢yT aunbiy 4O WMOySURAY UdjnOy YL "7 b}y w 005"
L 1 I L 1 1 i A A1
b | ”
i -
]
i f I
- Vi .. ; > -
e _.) f __.
b - S Y T M / 3 i ) iy AN N IS i
| e~ AN S |y _‘_1_ C_ 4. VANIS =
] i . ] _
h,. - f\\ .<\ . =
i
4 7] —
8
g
| : -
3
“A 7 I I . I A - - R JlA..-....-n--.-Jfl
s g-01 X S = NOISIAIO H3d
- .
[ ’ ]
8 D - SRR

55




1
|

o1 R T v Y YT v ! !
' AT ' (- v o4 . '
w £68° .Ro-onp - o-onpvouou.m 14 °ST a4nbi4 Jo nuOjSuRJY 4agan0y By 62 unb)y © 00s*
L 1 i i A 1 | A i
7 =
- . |
Ry
}\/t N ,.:
Vg \ - ( “ (. ) o
bt T k T A
j i
1 | % ,\ 1
] , .
i -
T T T - 1 ! T J 1 D S .!Lﬁ

. g-00 X T = NOISIAIO H3d

56

4
|
1




- "(¥70Ey - B°06,)0S92 g )4 <91 aunbiy 4o wioysuesy uapanoy Bup oE 34nbyy w 005- ]

1 1 L 1 A | - A 1 |

| L
L M T |
7w " \ m_ WN % Z ,_ | ,,: ,<_\§>,\ P
“ | | | ..t._ | ]
Wt T
i | o : |
|
) i “
| + 7 T 7 T = 1 1 e AU S, |
. g-01 X G = NDISIAIO H3d

b e o wm .. .. 1R R . -




— et

-(870¢, . 01-0€,)02%2 g ;4 ¢/ aunbyJ 4O UOSURL] Jadnog YL “T€ aunbid

w £e8° w 00§°
- -
i ._._ "
) oo VL i
An W R A

oo A ~ap ,(\,__(‘__._ | IE g ad '
I |
i It

L i | ,

] I i
|

|

L_w. i -1 A 1 = " A | I .Lﬁ.

c-01 X 1 = NOISIAIO

H3d

58

P




-(01-0€, _ 21-0€,)0622Z g ), gy aunbyy 40 WO4SURAT J3paN0y BY)

-2 008°

ﬂw
g
.
[
I

i
|
l

e e

i

NN _/\ ,\7/\/\)_/\/\/ A\

]

l

NOISIAIQ Y3d

g-01 X S

59

PR VRN S



-(2170€, _ V1-0€,)0912 g |4 g1 aunbyy O WMOySURLI J3}aN04 YL “EE 3unb}j

w ¢es”
] 1 1 1 1 1 | 1 1 |

—-Eu 00s° 1

~
-l
g
g
<
~

-
-

<

b o A L
A\ / )

1_ + T = n q 7 T 8 1 i -+
o g-01 X 1T = NOISIAIQ H3d




————

-(Y1-0€, _ 91-0€,y091Z g |4 <oz aunbiy 4O Wi0;SURLT 4BJINO4 YL “PE 34nbid

» ££9°
1 ol i A i 1 i 1

w0 00§°

e I A

A 1
+
. =
g\
- 2.
——“-"’)
~—
\_
_ S
=T
N
\_.\‘
- i

ey
"&\
g
<A\
>
5
z
=

I
NOISIAIQ H3d

61




T T T

. l i
,ﬁ,
g
ﬁ
! - -(91-0€, _ 81-06,)0912 g |, *17 aunbyy 4O wioysues3 J3panO4 YL °GE 34nbi3 © 005"
i 4 i L i 1 | i i i 1

!

. \ =
m L
[ 3 w “N b » B
i | | _ i

w > | M v WM
! _ I m
| i o Nt -

W T : i / | I

| | AUV Y W Ay J 3
,ﬂ AV AN WA TR TR A IR 1L A AT A Saa v s
‘ , Voo _~ A AR

| [ - TRV
ﬁ j /i SRRRY "
] m b by
a P VAR
, m | P
5 + w g "

| |

- By m B
5 + - L 1 = 1 T L 1 T St
ﬁ..

4 g-01 X S = NOISIAIO Y3d

Aot B b i

P P SO

T ld 0" R M 4 N ... W al ol el el



.AoTon._. - o~-8£o2~.m 14 “22 aunbi4 30 umojsuedl 434ano4 ay) "9 34nbj4

1 — 1 1 i

i 1

Pahen aa Jame aus am o

| 1 1

5
w £eg°
u
1 \/\
g
.
.._
w-.
\ D
2
—..

s R -T ST

.

ﬂ
N _,
o j
Vo
IAWa
/i
= .

R S R R N

e ———— e e

g-01 X S = NOISIAIQ H3d

r—

63




T i R
]
| J
ﬂ
! J
w© Ce8" +(02-0€, _ 22-0€,)0612 g |, ¢g7 aunbiy 3O WIOHSURAT 434aN04 BYL /€ 34nbL4 w0 005" “
i 1. 1 1 1 1 1 1 i ]
4
i 1 | -
o |
N L A B )
i | |
1 YN -
. : A ]
\/\/ 7,:\ L A “_r
-~ < ..>._~ i “’\\ ”.>_._ f “T >_\/
S AVAUPS A © ) VA / \ \ bops A1 T = o
VeV S AN N SV z
Py T AN
I IR
] ¥ 'Y "
¥ |
] | i i
]
Hi
| |
#,. it SRR § i nl A ai B -1 R R

9-01 X S = NOISIAIO H3d

R e e

,.
&
=




o i ' g .
.
; w0 £eg" +(880F, _ ¥2-0€))0222 g ), ¢y aunbyy 4O WIOJSURAY JBLUNO4 BUL °GE 2unBij
' 1 s 1 B B —1 1 - - -
!
§
4 A 1
.h > X A
A 1
v \ .

<
<
{
<
65

L h._ T A 1 B -1 I -

g-01 X S = NOISIAZC




L 1 A 1 i | 1

R L B v v e B .i. v Ml § v \ Rabin 4.‘4\‘4!‘ —— oy
A A 4 } B T ot { t R t
+ -(V20€y _L270E,)0¥22 g 14 Gz 2unbj4 JO WMOjSURA} 43}aNO4 BYL "6E by w 005"

1 a 1 R 1 7 b

wwDH X G =

A e

) +
NOISTIAIQ H3d

66

P G




~(4er0gy om-OmpvoemN.m 14 92 @unbl{ 3O WAOSSUBL] UBLUNO4 BY] °QOfp d4nbiLd

w geg”

L i I} 1 ) 1 1 S 1 L
i
. | -
i !
: 3 - g
! e
f |
. . : \.u .. i _‘w_ >.. |
. J Do [ i
A ! P S R .~
AN \ P S A ,_ : i o ,_
oA AU AR P P Gortb s oA A /
3 \ \ ’ ../ ! 4 1] Yoy .)_ i ‘_ \ ) __ X _. o A . v, ] ._ ; ' E w T' ~
AR VAR SRR VAR AN RN Y A (VA _ ©
i/ ' ,__ P = Vi | i ,_ __ [ by 1 A .(\ / \.
' NS v P : M vl Vs A
\J Poa | <
L At |
I AR -
H _M ' | )
| Vol ,\
| oo
g ! |
- C ﬂ -

g-01 X S

7

NOISIAIQ 43d

o




*asjou ;m-NEu\mpumz w-op
Y3tm sweabouajuajul |erjaed snotaeA AQ pauaniaa auanjedadwsl asjou s wd YL [y unbry
(w3) *@g*d*0
SG9°€ET 91°e £€8°1 00s°1 L91°1 ££8” 00s° 991"
) ] 1 1 1 [ 1
._ 661"
(=
9/¢°
1%
eIt 166°1 696" JA7AN¢ 110°1 €Ll

68




{
wv " swedbousgaajuy (epjaed om3 wouy saunjeaadwsl aSEON °Zp 94nb 4

v.. 1
b 1
” wy Qg 1z b2 0z o1 21 8 b 0 _
A
N A A O A |
[N 1
N @‘\\\@\l‘m”_& |
1 2 BT |
(g \Q.\.\ 4
= \ / — GZ°
’ L
\ ’/ M@II \\@ \E
m. /’ @IIO\\ @ll@ \\
! \ . o
B \\\EI-@\E 05 © 1
- ‘7 _
“Eet
(059 -0) @
— — 6.
9L A + (0sz-0s1) [ _
1T 1T 1T 1T 1T T 11 1rrrrrit.»
asLoN




i *spuewwod buissadoad diseq jo 39S ® fupsn Aq pauijap aq ued suotjeindwod
x3|{dwod pue ao0jesado 3yy Aq pasols pue pajeudusb ag ued ejep €aun3onuls sty bugsn

*uSOYIVW, POLLED

spueuwod X3{dwod 340w 03U| PAULQUOD 3Q UBD SPUBLLIOd aldwis ‘osly “Buissadouad jo moLy

3y} 30341p 03 Sddj3weded palyLoads y3im Spueumiod ajeaedas anssi ued uojedado ayy ‘weuaboud
SLY3 WOu44 "RIeP Y} UILM Jdeudjul 0} 403043d0 3y} smol e weuboud IALINIIXI SY4 YL

©34n39043S 3| L4 SSIIdR wopued e bBuisn ysLp 20T
ajeaedas © UO PaU03S B4 S3LLJ IRP pue ySLP 20TY U0 uo paA03s aJe auem3jos pue weuboud
< faoww JO MY Z2€ Y3IIM 49Indwod £2/11 d0Gd dd © UO una 03 paubjsep sem weaboad Sy4 Ayl

*d4eMpJARH WRISAS udndwo) €2/11 dGd 30 weabejg °cp d4nbiy

SOIHAVUD Y3iNiud
s34 AYYML40S MY PO/M —
) ey
1 viva /NYYO0Nud €Z/11 dad HOLINONW
] TYNINYIL
F10SNOD

70




*S9| 14 ejep Nou ss3%04d pue ajeuausb 03 pasn weuboud jo weuaberp 320ig “ppy dunbi4

HOLVHINID 4
3SION NVISSNVO )

| YOLVYINID
YOLVUINID NOILONNA
AQ08 XOV18 aNv ‘09 :
‘
-.. n
(dxe*Alp W3LSAS
S3INAON V83DV u3MNO4 .
NUOJSNVUYL _
¥3luno4 1vay it |
ISUIANI/QUVMYOS

: s3and
1IvD34/3HO0LS




GENERATE
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GENERATE
LORENTZIAN
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1

CONVOLVE €O,
FILES WITH
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FILES

!

EXPONENTIATE
RESULT OF
CONVOLUTIONS

Y

GENERATE
THEORETICAL
BLACK BODY

FILES AND

THEIR DERIVATIVES

'

GENERATE
TRANSMITTANCE
FILES

!

MULTIPLY
BLACK BODY
DERIVATIVE FILES
BY TRANSMITTANCE

Figure 45.

FOURIER
TRANSFORM this Is the *1° matrix
BLACK 80DY data bsee for
FILES MULTIPLY profile program
BY TRANSMITTANCE

MULTIPLY PRODUCT
OF TRANSMITTANCE
BY TEMPERATURES |

\

SUM THE this is the spectrs!
PRODUCTS domailn vector for
profile program

FOURIER
this ie the Intensit
TRANSFORM s 18 the y

THE SUM difference vector for
profile program

this is the spectral domain
data base for protite program

Computation procedure used to generate transmittance.
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INVERSE OF
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Y

CONSTRUCT
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DIFFERENCE
VECTOR

[

BY VECTOR
TO GET PROFILE

MULTIPLY INVERSE

y

PRINT
PROFILE

Program for Temperature Profile.
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Figure 47. Construct the covariance matrix fo .
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TABLE 1. €O, BANDS

BAND CENTER UPPER LEVEL LOWER LEVEL ISOTOPE BAND STRENGTH
(lozzmol 'lcmzcm'l) -

: 667.379 01101 00001 626 82580
] 647.058 11102 10002 626 222
h 648.484 01101 00001 636 860

688.678 11101 10001 626 148.8
622.368 01101 00001 628 330

668.109 03301 02201 626 382.4
| 667.750 02201 01101 626 6488
P- 618.033 10002 01101 626 1436
720.808 10001 01101 626 1853

LA

v"‘—,- y
° o
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TABLE 2 STANDARD ATMOSPHERE -- MIDLATITUDE SUMMER

1

X LAYER HEIGHT TEMPERATURE PRESSURE ATM - CM
] 0 201 1.000 -
i 0-2 290 .792 58.9
2-4 279 620 47.5
_ 4-6 267 .481 37.6
_ 6-8 255 .367 30.0
i 8-10 242 .277 23.1
10-12 229 .206 17.8
. 12-14 216 .151 13.4
" 14-16 216 .110 9.81
p. 16-18 216 .0802 7.01
‘ 18-20 217 .0587 5.00
20-22 219 .0431 3.60 ]
22-24 222 .0318 2.60 -
24-27 224 .0216 2.36 |
. 27-30 234 .0130 1.96
. 30- 243 .0130 ——-- ]
F' TOTAL  260.6 Atm. Cm. .
|
L
L
) 7




*

TABLE 3. SPECTRAL CHANNELS FOR 15 um CO

2
CHANNEL CENTER FREQUENCY cM”! INTERGER POSITION
1 667.50 1844
2 668.70 1976
3 667.00 1829 -
4 666 .00 1802
5 652.75 1440
-~ 6 646.65 1274
| 7 635.77 977 i
: 8 627.75 758
9 623.23 634
r 10 607.00 191 |
.
‘ Al1 channels have 0.5 cm™) width.

* Kaplan et al., see reference.
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